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Summary
Introduction: The goal of this observational study is to measure the physiological laxity of a
knee, supposedly normal in the coronal plane, at 0 and 90◦ of ﬂexion with a navigation system
that can be used during total knee replacement.
Hypothesis: The physiological laxity measured by this navigation system is different from the
results already published using other measurement devices.
Materials and methods: Twenty patients consecutively operated on for an isolated anterior
cruciate ligament injury were selected. Medial and lateral laxities at 0 and 90◦ of knee ﬂexion
were measured by the navigation system during cruciate replacement.
Results: The mean medial laxity in extension was 3.6± 1.2◦. The mean lateral laxity in exten-
sion was 4.1± 1.9◦. The mean medial laxity at 90◦ of ﬂexion was 2.1± 1.2◦. The mean lateral
laxity at 90◦ of ﬂexion was 3.7± 1.2◦. The medial and lateral laxities in extension were not
asymmetric. The medial and lateral laxities at 90◦ of ﬂexion were asymmetric. Medial laxities
in extension and at 90◦ of ﬂexion were asymmetric. Lateral laxities in extension and at 90◦ of
ﬂexion were not asymmetric.
Discussion: The data collected in our study suggest, during total knee replacement, the fol-
lowing tolerable ligamentous balance: medial and lateral laxities in extension about 3◦, medial
laxity at 90◦ of ﬂexion about 2◦, and lateral laxity at 90◦ of ﬂexion about 4◦.
Level of evidence: Level IV. Prospective study.
© 2010 Elsevier Masson SAS. All rights reserved.∗ Tel.: +33 03 88 55 21 45; fax: +33 03 88 55 23 57.
E-mail address: jean-yves.jenny@chru-strasbourg.fr.
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uring total knee arthroplasty (TKA). Ligamentous balance
as been studied in a number of theoretical and practical
apers following Insall’s report [1]. These studies are clearly
served.
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ounded on knowledge of physiological coronal knee laxity
f the normal knee. This laxity was initially deﬁned based
n cadaveric studies with experimental measurement tech-
iques whose use is problematic during conventional surgery
2,3].
More recently, in vivo studies have been published. Stähe-
in et al. [4] described a measurement technique with
adiographic stress images and a calibrated force but did
ot report numerical data. Heesterbeeck et al. [5] used this
echnique on 30 patients with no knee injury. Okazaki et al.
6] conducted a similar study. Tokuhara et al. [7] used MRI.
ll of these studies used measurement techniques that are
mpossible to reproduce during knee prosthesis implanta-
ion, which therefore cannot be used to check intraoperative
uality. The simple and automatic transfer of the results
f these studies to intraoperative management is uncertain
ecause each measurement technique has its own confound-
ng factors.
Computer-assisted navigation is used by many teams for
KA. Historically, these tools were developed to optimize
one resections [8,9]. Later, they were adapted to intra-
perative management of ligamentous balance [10,11]. It
herefore seemed valuable to deﬁne physiological knee lax-
ty measured with this type of system so as to eliminate
he potential errors related to the difference between the
easurement systems used.
We therefore conducted an observational study whose
oal was to deﬁne the laxity of the presumably normal knee
n the coronal plane in extension and at 90◦ ﬂexion using a
omputer-assisted navigation system that can be used during
mplantation of a total knee prosthesis. Our hypothesis was
hat the physiological laxity measured with this system is
ifferent from the measurements published previously with
ther measurement systems.
aterials and methods
he study population comprised 20 patients operated con-
ecutively for an isolated tear of the anterior cruciate
igament (ACL), with no meniscus lesion, and in whom the
linical examination showed no pathological laxity in the
oronal plane: 14men and six women, with a mean age of
4 years (range, 18—36 years). All patients provided written
onsent for this study.
We systematically used the image-free computer-
ssisted OrthoPilot® navigation system (B-Braun Aesculap,
uttlingen, Germany) for ACL reconstruction [12]. The tech-
ique requires implantation of two bicortical screws, one
n the distal part of the femur and the other in the prox-
mal part of the tibia. For the needs of this study, before
CL reconstruction, we used the application dedicated to
ibial valgus osteotomy [13]. This application uses the same
icortical screws and the only additional steps related to
he study were speciﬁc kinematic and anatomic registra-
ions of this application, lasting between ﬁve and eight
inutes. After registration of the anatomic and kinematic
ata on the operated lower limb, the system displays online
he ﬂexion—extension angle of the knee and the mechan-
cal femorotibial angle in the coronal plane (Fig. 1), with
normal value of 0◦ in absence of coronal deviation. The
emorotibial angle at 0◦ of extension in the rest position
•igure 1 Information displayed online by the navigation sys-
em.
as recorded, then with maximal force in varus and val-
us applied manually. The same angles were then measured
t 90◦ ﬂexion. The positive values were attributed to varus
ngles. ACL reconstruction was then performed by means of
he usual navigated technique.
The analysis was performed after registration of all the
ata. For each patient, we calculated:
medial laxity in extension: the difference between the
anterior-posterior view (AP) AP tibiofemoral angle in
extension in the rest position and the AP tibiofemoral
angle in extension with maximum valgus;
lateral laxity in extension: the difference between the AP
tibiofemoral angle in extension in the rest position and the
AP tibiofemoral angle in extension with maximum varus;
medial laxity in ﬂexion: the difference between the AP
tibiofemoral angle at 90◦ ﬂexion in the rest position and
the AP tibiofemoral angle at 90◦ ﬂexion with maximum
valgus;
lateral laxity in ﬂexion: the difference between the AP
tibiofemoral angle at 90◦ ﬂexion in the rest position and
the AP tibiofemoral angle at 90◦ ﬂexion with maximum
varus.
The following statistical analyses were performed using
he Wilcoxon test for paired measurements with a 5% limit
f signiﬁcance; the distributions were assumed to be non-
ormal:
the difference in the same patient between the AP
tibiofemoral angle in extension in the rest position and the
AP tibiofemoral angle in extension with maximum valgus,
testing for the presence of medial laxity in extension;
the difference in the same patient between the AP
tibiofemoral angle in extension in the rest position and the
AP tibiofemoral angle in extension with maximum varus,
testing for the presence of lateral laxity in extension;
the difference in the same patient between the AP
tibiofemoral angle at 90◦ ﬂexion in the rest position and
the AP tibiofemoral angle at 90◦ ﬂexion with maximum
valgus, testing for the presence of medial laxity in ﬂexion;
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• the difference in the same patient between the AP
tibiofemoral angle at 90◦ ﬂexion in the rest position and
the AP tibiofemoral angle at 90◦ ﬂexion, testing for the
presence of lateral laxity in ﬂexion;
• the difference in the same patient between medial and
lateral laxity in extension, testing the symmetry of the
laxities in extension;
• the difference in the same patient between medial and
lateral laxity in ﬂexion, testing the symmetry of the laxi-
ties in ﬂexion;
• the difference in the same patient between medial lax-
ity in extension and ﬂexion, testing the symmetry of the
medial laxities;
• the difference in the same patient between lateral lax-
ity in extension and ﬂexion, testing the symmetry of the
lateral laxities.
Results
Extension
The AP tibiofemoral angle in the rest position was 0.4± 3.2◦
(range, −6 to 5◦). The AP tibiofemoral angle with max-
imum valgus was −3.2± 3.4◦ (range, −9 to 2◦). The AP
tibiofemoral angle with maximum varus was 4.5± 3.1◦
(range, −2 to 9◦). The medial laxity in extension was
3.6± 1.2◦ (range, 2—7◦). The lateral laxity in extension was
4.1± 1.8◦ (range, 2—8◦) (Table 1, Fig. 2).
The difference between the AP tibiofemoral angle in the
rest position and the AP tibiofemoral angle with maximum
valgus in the same patient was signiﬁcant (p < 0.001): the
medial laxity in extension was signiﬁcantly non-zero. The
difference between the AP tibiofemoral angle in the rest
position and the AP tibiofemoral angle with maximum varus
in the same patient was signiﬁcant (p = 0.001): the lateral
laxity in extension was signiﬁcantly non-zero.
The difference of lateral laxity minus medial laxity in the
same patient was 0.6± 2.0◦ (range, −2 to 5◦); this differ-
ence was not signiﬁcant (p = 0.14): the laxities in extension
were not asymmetric.
FlexionThe AP tibiofemoral angle in the rest position was 1.9± 2.6◦
(range, −3 to 7◦). The AP tibiofemoral angle with max-
imum valgus was −0.2± 3.1◦ (range, −8 to 5◦). The AP
tibiofemoral angle with maximum varus was 5.5± 2.9◦
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range, 0—11◦). The medial laxity in ﬂexion was 2.1± 1.2◦
range, 0—5◦). The lateral laxity in ﬂexion was 3.7± 1.2◦
range, 2—6◦).
The difference between the AP tibiofemoral angle in
he rest position and the AP tibiofemoral angle with max-
mum valgus in the same patient was signiﬁcant (p = 0.001):
he medial laxity in ﬂexion was signiﬁcantly non-zero. The
ifference between the AP tibiofemoral angle in the rest
osition and the AP tibiofemoral angle with maximum varus
n the same patient was signiﬁcant (p < 0.001): the lateral
axity in ﬂexion was signiﬁcantly non-zero.
The difference of lateral laxity minus medial laxity in the
ame patient was 1.6± 1.2◦ (range, −2 to 3◦); this differ-
nce was signiﬁcant (p = 0.001): the laxities in ﬂexion were
symmetric.
xtension/ﬂexion
he difference of medial laxity in ﬂexion minus lateral laxity
n extension in the same patient was −1.5± 1.8◦ (range, −6
o 2◦); this difference was signiﬁcant (p = 0.003): the medial
axities in extension and ﬂexion were asymmetric. The dif-
erence in lateral laxity in ﬂexion minus lateral laxity in
xtension in the same patient was −0.5± 1.7◦ (range, −4 to
◦); this difference was not signiﬁcant (p = 0.38): the lateral
axities in extension and ﬂexion were not asymmetric.
iscussion
nowledge of the normal laxity of a knee in the coronal
lane is necessary in the currently endless discussion on the
esired laxity for a TKA. The studies conducted by Markolf
t al. [2] have served as a model for many other authors,
ho are more focused on the central pivot. For example,
an Damme et al. [3] found normal coronal laxity values on
he order of 2◦ in extension and 6◦ in ﬂexion, differing little
etween the medial and lateral sides. These cadaveric stud-
es have the disadvantage of being far removed from clinical
eality, with a potentially unknown bias.
The clinical studies have been essentially conducted on
tress radiographs. Okazaki et al. [6] found mean medial lax-
ties of 2.4◦ in extension and 1.7◦ in ﬂexion, and mean lateral
axities of 4.9◦ in extension and 4.8◦ in ﬂexion. Heesterbeek
t al. [5] found mean medial laxities of 2.3◦ in extension and
.5◦ in ﬂexion, and mean lateral laxities of 2.8◦ in extension
nd 3.1◦ in ﬂexion. Other, more sophisticated techniques
ave also been used, with substantially different results.
sing a mechanical goniometer, Yoo et al. [14] found mean
axities in extension of 4◦ on the medial side and 7◦ on the
ateral side. In a study using stress measurement on MRI,
okuhara et al. [7] found laxities at 90◦ ﬂexion of 3◦ on the
edial side and 8◦ on the lateral side. Although they mea-
ured laxity in the living subject, all these clinical studies
ad themain disadvantage of usingmeasurement techniques
hat cannot be used during TKA: therefore, systematic error
elated to the use of two different measurement techniques
s possible. Tokuhara et al. [15] found a 1.5 error between
he MRI and X-ray measurements of laxity in ﬂexion, an
mportant bias in terms of the absolute value of the laxity
easured on the order of 5◦. Using the same technique to
eﬁne physiological laxity and then measuring laxity during
586 J.-Y. Jenny
Table 1 Results.
Case no. A B C D E F G H I J
1 −2 −4 1 2 1 6 2 3 1 4
2 2 −2 6 1 −3 6 4 4 4 5
3 −2 −9 2 0 −1 2 7 4 1 2
4 −3 −7 0 −1 −1 1 4 3 0 2
5 0 −2 3 4 2 6 2 3 2 2
6 2 −2 4 2 0 6 4 2 2 4
7 5 0 9 2 1 5 5 4 1 3
8 4 1 6 6 4 11 3 2 2 5
9 3 0 7 2 0 6 3 4 2 4
10 −3 −5 1 0 −1 3 2 4 1 3
11 1 −3 7 5 3 8 4 6 2 3
12 −2 −5 6 1 −2 7 3 8 3 6
13 4 1 7 4 2 8 3 3 2 4
14 −1 −6 7 3 1 7 5 8 2 4
15 2 −2 5 2 1 5 4 3 1 3
16 4 1 6 3 1 5 3 2 2 2
17 −2 −6 2 −1 −5 4 4 4 4 5
18 −3 −6 4 −2 −4 3 3 7 2 5
19 5 2 9 7 5 11 3 4 2 4
20 −6 −9 −2 −3 −8 0 3 4 5 3
A: AP coronal tibiofemoral angle at 0◦ extension in rest position; B: AP coronal tibiofemoral angle at 0◦ extension with maximum varus
force; C: AP coronal tibiofemoral angle at 0◦ extension with maximum valgus force; D: AP coronal tibiofemoral angle at 90◦ ﬂexion in
rest position; E: AP coronal tibiofemoral angle at 90◦ ﬂexion with maximum varus force; F: AP coronal tibiofemoral angle at 90◦ ﬂexion
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awith maximum valgus force; G: medial laxity at 0◦ extension; H:
laxity at 90◦ ﬂexion.
KA eliminate this source of error. To our knowledge, this
tudy is the ﬁrst to eliminate this bias in a clinical study.
The choice of the study population (patients who had
solated laxity of the ACL) is clearly debatable, because
he absence of medial laxity was deﬁned only by the clini-
al examination whose precision should be considered with
aution, notably for low-level laxities. However, it has been
xperimentally demonstrated that resection of the ACL does
ot produce abnormal medial valgus laxity [16,17]. It can
herefore be accepted that in the absence of signiﬁcant clin-
cal abnormality, medial laxity in the subjects studied could
e considered normal.
Computer-assisted navigation has been developed as an
id to TKA implantation, initially to optimize bone resec-
ions [8,9]. Using this tool to measure laxity is more recent,
ut has been validated experimentally [3] as well as clini-
ally [10,11]. These sophisticated tools may provide better
erformance than the spacers used in conventional tech-
iques. The values found in the present study are both near
nd distant from the values deﬁned by previous authors with
he other measurement tools reported above: 4◦ of medial
nd lateral laxity in extension, 2◦ of medial laxity, and 4◦ of
ateral laxity in ﬂexion.
One aspect that can be criticized in this study is the fact
hat the creation of maximal laxity was not calibrated but
ather applied manually. Ligaments are viscoelastic struc-
ures whose deformation depends on the force applied
18]. Calibrating this would have required, however, a
ore aggressive technique, such as temporary ﬁxation of
ntraosseous screws or use of a joint distractor. We found
his to be ethically unwarranted.
t
i
p
tl laxity at 0◦ extension; I: medial laxity at 90◦ ﬂexion; J: lateral
The recording of maximal displacement, located on the
lateau of the tension/length curve, allows us to assume
hat the bias related to our measurement technique is min-
mized, because a variation in the force applied is probably
nly expressed, on the plateau of the curve, by a minimal
nd insigniﬁcant modiﬁcation in laxity. Two previous studies
howed that intraobserver and interobserver reliability of
xis and laxity measurements with the navigation systems
sed was acceptable [19,20], with a maximum variability of
◦ in conditions similar to those reproduced in this study. This
alue is not insigniﬁcant given the laxities measured in this
tudy, and the results could therefore be challenged. How-
ver, it is striking to note that conventional intraoperative
easurements, usually taken without a calibration or mea-
urement device, are almost never criticized on this point.
herefore, it can at least be concluded that the use of a
avigation system for measuring laxity improves the objec-
iveness of the measurements compared to conventional
echniques.
The absence of calibration when laxity is created also
akes it impossible to guarantee equality between ﬂexion
nd extension. We attempted to manage this bias by block-
ng the hip in a position of maximum internal or external
otation before measuring laxity in ﬂexion, so as to record
aximum displacement in both ﬂexion and extension. We
re aware that this technique should be applied cautiously if
he patient has a total hip prosthesis, but this conﬁguration
s only found in a small proportion of TKA patients.
Another weakness of this study is the absence of com-
arative measurement of laxity using another measurement
echnique for comparison. The reference technique was rep-
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resented by the varus and valgus stress images. These images
are not included in our usual procedure during ACL recon-
struction and we did not deem it useful to expose patients to
additional irradiation that was not justiﬁed by a therapeutic
objective.
The statistical analysis showed that the difference
between the mean laxity in extension on the medial side
and the lateral side was not signiﬁcant. This result supports
the two studies cited above [3,5], but contradicts two oth-
ers [6,14]. This may stem from the small sample analyzed in
our study. It is also a probable consequence of the subjects’
physiological variability.
On the other hand, the statistical analysis showed that
the difference between mean laxity in ﬂexion on the medial
side and the lateral side was signiﬁcant, with lateral lax-
ity higher in general. These results support those found by
Okazaki et al. [6] and Tokuhara et al. [7], but contradict
the studies by Van Damme et al. [3] and Stähelin et al. [4].
Here again, the size of the population studied and physi-
ological variability can be put forward. The asymmetry of
medial and lateral laxities in ﬂexion can explain the fact
that lateral lift-off in ﬂexion is possible in normal subjects
[21].
It therefore seems that the notion of ligamentous balance
is a very relative notion if one adheres to the physiolog-
ical laxity of the normal knee. Balance does not mean
perfect numerical equality of all laxities, but restoration
of physiological laxities. This raises the physiological vari-
ability demonstrated by this study: reconstructing all knees
based on a single model with mean laxities for every case
implies that certain knees will be reconstructed with a lax-
ity that is signiﬁcantly different from their physiological
laxity. However, today it is impossible to know the initial
physiological laxity a posteriori in an arthritic patient and
during TKA. The inﬂuence of osteoarthritis on coronal laxity
is currently being debated: increased by progressive disten-
sion according to Wada et al. [22], reduced by progressive
retraction according to Brage et al. [23]. Sharma et al.
[24] have even hypothesized that excessive physiological
coronal laxity may predispose the patient to osteoarthri-
tis.
In view of their experience, several authors have pro-
posed a range of desired laxity after TKA: 4◦ of coronal laxity
in extension on both sides for Ishii et al. [25], between 4 and
8◦ coronal laxity at 20◦ ﬂexion on both sides for Kuster et al.
[26], and 7◦ of lateral laxity in ﬂexion for Romero et al. [27].
The recommendations generally lack precision, reﬂecting
physiological variability. Our study, therefore, cannot deﬁne
the desired laxity during TKA. Individualization is undoubt-
edly good, but beyond our current technical means. It does
seem logical, however, to come close to mean values, as
recommended for TKA with mean physiological axes.
We believe the present study to be an argument for bal-
ancing laxities in extension during TKA. To approach our
results, we suggest leaving medial and lateral laxity in
extension on the order of 3◦, eventually accepting a 2◦ dif-
ference in either direction. This is also for us an argument
for not seeking to perfectly balance laxities in ﬂexion during
TKA. To approach our results, we suggest leaving medial and
lateral laxity in ﬂexion on the order of 2◦ and lateral laxity in
ﬂexion on the order of 4◦, with 2◦ of difference acceptable
in either direction.
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Even in experienced hands, obtaining good ligament bal-
nce is difﬁcult during TKA [28]. In this sense, navigation
ould become an appreciable aide [5,10,11], particularly for
recise adjustment such as we suggest. However, one must
ot overestimate the isolated inﬂuence of residual laxity
fter TKA, because other factors may be more important
or the kinematics of knee prostheses [29].
onclusion
ptimization of the laxities during TKA is a complex ques-
ion, and it was not our ambition to provide a simple
esponse. This study merely aims to deﬁne the physiolog-
cal coronal laxities of a knee considered normal with a
easurement instrument that can be used during surgery
nd therefore, with no bias related to the use of different
nstruments. Knowledge of these normal laxities should be
he basis for surgical reasoning to choose the desired lax-
ty during the intervention. Navigation could provide more
recise adjustment of laxity than traditional mechanical
nstruments.
onﬂict of interest statement
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